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ABSTRACT: A new methodology that allows the continuous measurement of concrete Emodulus since casting is presented in this paper. This methodology is a variant to the classical resonant frequency methods, which have the downside of requiring concrete to be de-mouldable and withstand mechanical impact to start testing. The proposed experimental setup comprises a simply supported beam made-up with an acrylic tube, filled with the concrete to be tested, whose mid-span vertical accelerations induced just by ambient vibrations are continuously monitored by an accelerometer. The numerical treatment of the monitored accelerations allows identification of the 1 st resonant frequency of the composite beam, which is evolving as concrete hardens. The E-modulus of concrete can thus be directly obtained from the monitored frequency. Besides the description of the overall setup, the results obtained in an experiment in which the concrete E-modulus was quantified also through static tests on the beam and via compressive tests in cylinders are presented and discussed.
Before tackling with the experiment itself, the methodology of modal identification without recourse to forced excitation is briefly described.
The technique of ambient vibration for modal identification of civil engineering structures has been widely used since the 1980's. It consists on relying on the environmental vibrations induced by wind, machines, etc. to provide a dynamic excitation for the structures, thus allowing the identification of their natural frequencies upon measurement of acceleration time series (Cunha et al. 2007 , Magalhães et al. 2008 .
The selected methodology for identification of the resonant frequencies is the Peak-Picking method, in its 'output only' version. This method assumes that excitation of the structure (or element) under study can be idealized as a white noise, that is, a stochastic process with constant spectral intensity in all frequencies. Thus peaks of the response spectra coincide with peaks of the frequency response function, which in turn allows identification of the structural natural frequencies. In order to obtain the spectral density function of the beam response, the Welch procedure (Welch 1967 ) is used here.
A brief outline of the overall acceleration measurement and data processing procedures adopted in this paper reads as it follows:
-The response record of accelerations along time collected during the experiment is subdivided into several parts, with 15 minutes duration each. For each of these parts resonant frequencies are identified by applying the Welch procedure: the 15 minute long time series are divided in a group of smaller time segments, with 4096 points each and a 50% overlapping. In order to minimize leakage effects, Hanning windows (Maia et al. 1997 ) are applied to each of these 4096 point time segments. The windowed time series are then processed using a Discrete Fourier Transform, which results in a group of auto-spectra. These auto-spectra are then averaged, and the averaged auto-spectrum for the 15 minute period under study is obtained.
-All the N averaged auto-spectra (PSD) obtained are then normalized, rendering a normalized auto-spectra (NPSD) according to
where w is the angular frequency. This procedure is essential as the averaged time series collected along the experiment correspond to distinct 15 minute periods, for which the ambient vibration may have had dissimilar intensity, thus conducting to distinct energy content in the spectra.
-The obtained NPSD(w) are then included side-by-side in a colour frequency versus time graph, with the colours being proportional to the intensity of the power spectra (see example in Figure 5 ).
-In order to obtain a simple and automatic estimate of the 1 st resonant frequency for a given period of acquisition (15 minutes in the case of this research), an average is made with the frequencies corresponding to the 40 points of higher energy of each spectrum, using the energy intensity as a weighting factor. By applying this to all averaged spectra, a resonant frequency versus time graph is obtained, which in turn can be used to obtain a plot of the concrete E-modulus versus time evolution.
EXPERIMENTS
Test setup, experimental procedure and materials
The experiment involves the use of a 2m long acrylic tube, with internal and external diameters of 92mm and 100mm, respectively. Thus, for the concrete to be properly casted its maximum aggregate size should be compatible with the 92mm internal diameter of the tube. The acrylic tube is drilled with 5mm diameter holes at specific locations: (i) at 100mm from the edges two holes exist, through which horizontal steel rods are passed to form two hinges, vertically supported on steel profiles, leading to a 1800mm span simply supported beam (see Figures 1 and 2); (ii) vertical steel rods are inserted through holes spaced 300mm from each other, to improve solidarization between concrete and the acrylic tube. The used steel rods have a nominal diameter of 4mm and an E-modulus of 180GPa. Two lids are used to contain concrete inside the acrylic beam (see Figure 1 ): on one of the extremities the lid was fixed; on the other extremity a removable lid was used to allow casting operations to be executed. The use of ambient vibration implies that the levels of measured responses are very low, so the adopted sensors must have high sensitivity and low noise level, and the measuring system should provide a good resolution. In the pilot experiment considered here a CMG-5T force balance accelerometer from Guralp was used, which allows measurement of accelerations within a frequency band of approximately 0Hz up to 100Hz, and it has a sensitivity of 5V/g and a noise floor around 2µg. This sensor was connected to a GSR-24 recorder from Geosig that provides power to the sensor, performs the analogue-to-digital conversion of the measured signals using a 24-bits board, and stores the collected data in an internal memory card. The recorder was programmed to perform the acquisition of 15 minute time series with a sampling frequency of 100Hz, according to a predefined timetable. The accelerometer has a weight of 2.27kg, and it was fixed to the steel rod located at the beam mid-span. Figure 2 presents a photo with all the experimental setup (after casting), including the equipment used for the dynamic measurements. Casting operations were performed by placing the acrylic tube at a 45º angle with the horizontal, being concrete poured through the top extremity (with the lid previously removed). As casting advanced the tube was progressively inclined up to a 90º angle, and finally it was closed with the removable lid, ending back in the horizontal direction. The time elapsed between onset of casting and the start of acceleration acquisition was less than 15 minutes. The experiment took place inside a controlled climate chamber, with a constant temperature of T=20ºC and relative humidity of RH=50% for a total of 28 days.
At the age of 28 days a static loading test was performed with the composite concrete-acrylic beam, which consisted of sequentially placing steel plates with known mass on top of the accelerometer, and recording the corresponding mid-span deflections with two LVDT's. After this static test, which was conducted with loads well below the cracking load of the beam, further ambient vibration tests were conducted in order to check that the resonant frequency remained the same, and that no damage was induced to the composite beam.
In parallel to the beam tests, E-modulus of concrete was also evaluated at the ages of 0.75, 1, 2, 3, 7 and 28 days by performing compressive tests on standard cylinders (with a 15cm diameter and 30cm tall), cast with the same concrete batch and using three specimens per age. Prior to testing all specimens were kept in a curing chamber with T=20ºC and RH=100% .
In regards to the acrylic characteristics, its main properties were: E-modulus=3.3GPa, Poisson's coefficient=0.39 and density=1190kg/m 3 . As far as the concrete is concerned, the mix is reproduced in Table 1 . 
Estimation of concrete E-modulus with basis on measured frequencies
Based on the measured resonant frequency corresponding to the 1 st mode of vibration of the composite beam, it is necessary to establish the mathematical equations that allow calculating the actual E-modulus of concrete. Taking advantage of the symmetry of the beam, its geometry and characteristics can be schematically depicted as shown in Figure 3 . In this figure, φ(x) is the vertical deflection mode, x denotes the longitudinal coordinate, m is the uniformly distributed mass, m p is a concentrated mass applied at mid-span, k is a spring constant (related to the vertical stiffness of the simple supports of the beam), L is half of the span and EI is the distributed flexural stiffness of the beam. 
So, at a given instant, based on the measured resonant frequency f (or equivalently w=2πf ) provided by the modal identification, it is possible to evaluate the distributed flexural stiffness of the beam EI from equation (2), since all other parameters are known. Furthermore, as EI can be expressed as the sum of the distributed stiffnesses E a I a for the acrylic tube and E c I c for the concrete, the E-modulus of concrete can be obtained directly from:
( ) 
All these procedures were included in a developed software for modal identification, creating a package that allows direct evaluation of concrete E-modulus with basis on the acceleration records.
RESULTS AND DISCUSSION
Tests conducted at the age of 28 days
As mentioned before, three distinct methods of measuring concrete E-modulus were applied at the age of 28 days: modal identification, a static loading test and tests on cylinders.
Regarding the modal identification, the 1 st resonant frequency of the system was f=38.4Hz. By applying the known data into equations (2) and (3), the computed E-modulus at the age of 28 days is E=33.6GPa. The relevant information used for this calculation was: (i) L=0.9m; m =17.0176kg/m; m p =1.135kg (half of the accelerometer's mass); k=∞ kN/m (rigid simple support).
The static loading test at the age of 28 days, with two cycles of loading/unloading of 30kg (using weights of ~5kg each), led to an observed global average of the mid-span deflection per unit of applied mass of 0.0098mm/kg. With due account to standard elastic formulae relating mid-span deflections of a simply supported composite beam with a concentrated load, one gets a E-modulus for concrete at the age of 28 days equal to 33.3GPa. It is worth mentioning that the resonant frequency of the composite beam after the static loading test remained f=38.4Hz, showing that no damage was induced to the beam during the static loading test.
The average value of E-modulus computed from the compressive tests in concrete cylinders is 33.4GPa.
There is a remarkable resemblance between the E-modulus calculated with the three techniques, which mutually validate themselves, thus proving robustness of the proposed methodology for concrete E-modulus identification.
E-modulus evolution until the age of 28 days
Before actually discussing the results obtained for the initial monitoring periods, a remark should be done on the support conditions of the composite beam at this stage. The hinged supports mentioned in Section 3.1, which were described as horizontal rods supported on steel profiles, did not have the same configuration throughout the whole experiment. In fact, they were changed at the age of 14.9 days, according to the scheme of Figure 4 : a) initially there was a small cantilevered part of the rod between the acrylic and the supporting steel profile; b) after 14.9 days it was decided to change the support conditions, in order to achieve vertically rigid supports. The observed resonant frequencies of the beam shifted with the change of support conditions. Nonetheless, these changes were explicitly considered in the estimation of Emodulus through the methodology described in Section 3.2. For further details on the estimation and validation of the stiffness of the supports until the age of 14.9 days, see Azenha et al. (2009b) . The representation of the frequency spectra measured until the age of 48 hours can be seen in Figure 5 . This is the period in which the resonant frequency varies the most, starting at ~8 Hz during the concrete dormant period (it corresponds to the resonant frequency of the acrylic beam, filled with fresh concrete without stiffness), which lasts for 3.6 hours. After the dormant period the resonant frequency rapidly grows up to ~20Hz at the age of 10 hours. From then on frequency changed rather more slowly, reaching f=26.1Hz at the age of 14.9 days. The change in support conditions at the age of 14.9 days instantly shifted the 1 st frequency from f=26.1Hz to f=38.3Hz, with the final resonant frequency at 28 days being f=38.4Hz (negligible stiffness evolution between 14.9 and 28 days, as expectable). Figure 7 . Concrete E-modulus evolution until the age of 28 days From observation of Figures 6 and 7 an excellent coherence is detected between the two testing procedures for ages above 1 day. However, for the ages of 0.8 days and 1 day the concrete E-modulus obtained through the proposed methodology are lower than those obtained through compressive testing. One should however be aware that specimens with different sizes and curing conditions are being used: the ambient vibration test pertains to a 92mm diameter cylinder cured inside a 4mm thick acrylic formwork, whereas standard compressive testing regards to specimens with a greater diameter (150mm) cured inside a 26mm thick plastic formwork. These differences in specimen size and boundary conditions can lead to different temperature development in the two cases (with higher temperatures in the 150mm diameter specimens), which due to the thermally activated nature of cement hydration reactions can lead to distinct Emodulus evolutions at early ages (with faster development in the compressive test cylinders). The differences in hydration tend to fade as concrete ages, showing negligible effects after the age of 1 day.
CONCLUSIONS
A new methodology that allows continuous measurement of concrete E-modulus since casting has been proposed in this paper. The methodology relies on the continuous monitoring of the 1 st resonant frequency of a beam made of acrylic filled with concrete. E-modulus of concrete can be directly estimated from the measured resonant frequency, thus yielding a continuous curve that captures: (i) the duration of the dormant period, (ii) the steep evolution of concrete Emodulus during the first hours after casting and (iii) the slower evolution in the subsequent periods. This experimental technique has the advantage of being completely autonomous, avoiding the necessity of operator assistance during the testing period. It is also entirely passive, as the ambient vibrations are usually enough to create the necessary excitation for the resonant frequency of the beam to be identified (in opposition to the case of classical resonant frequency methods).
A pilot experiment has been conducted with a 1.8m long composite beam, which was continuously monitored, with the E-modulus of concrete being also estimated with recourse to two other techniques: static loading of the beam and standard compressive testing on cylindrical specimens. The outcome of the three testing procedures points to the feasibility of the ambient vibration technique to be used systematically in the continuous quantification of concrete Emodulus since casting. This kind of testing procedure has potentialities that are currently being explored, in regard to the study of the effect of mixing proportions of concrete in the structural setting time, as well as in the stiffness development. In what concerns to construction site applications, this methodology is bound to be useful in defining formwork striking times, namely in the case of continuous slip-forming.
